Quillaja saponaria (Quillay), an evergreen tree found in Chile, is one of the main sources of saponins. Quillaja saponins have hypocholesterolaemic, anticarcinogenic, antioxidant and pesticidal properties, and are used as adjuvants for vaccines. Samples of Quillay growing at three zones in O'Higgins Region, Chile (Coastal, Central and Mountain zones) were analyzed for content of saponins and physiological status. The results revealed differences in the content of saponins depending on the zone of sample collection. The highest contents were found in samples from the Mountain zone, where the highest saponin contents were accompanied by the lowest foliar nitrogen contents, the highest antioxidant activity and the highest carotenoid contents. The results suggest a physiological and adaptive mechanism of saponins in plants to survive under unfavourable environmental conditions. The results have important implications for a theoretical basis for the design of a reasonable harvest, to avoid the cost of poor quality material, and also to provide a sustainable use and conservation of this important species. Further research on the effects of stress will improve our understanding of the saponins production and their physiological functions in plants, whereas they have generally been studied for their biological and chemical applications.
The Chilean native tree Quillaja saponaria Mol. (Quillay), distributed under different geographical and climatic conditions, is one of the most important sources of triterpene saponins [1a,b] . Structurally, the Quillaja saponins are referred to as triterpene glycosides, consisting of an aglycone of quillaic acid (hydrophobic region) and several sugars, such as rhamnose, fucose, xylose, arabinose, glucuronic acid and galactose (hydrophilic region) ( Figure 1 ). An extract of Quillaja saponins is a heterogeneous mixture, and approximately 70 saponins have been reported [2a] . Due to their biological and chemical properties, such as antibacterial, antifungal, insecticidal, hypocholesterolaemic, anticarcinogenic, antioxidant, haemolytic, antioxidant, adjuvants for vaccines, foaming, emulsifying, surfactant and tensoactive [3a,b] , they are generally considered to be part of the defensive system of the plants [1a] . Quillaja saponins have industrial applications as, for instance, beverage, alimentary, cosmetic, pharmaceutical, medicinal, pesticidal, photographic and mining products [1b,4] .
Quillaja saponins are obtained by aqueous extraction of bark (traditional process) and biomass obtained from forest pruning. The industrial use of saponin causes high demand for biomass, but it is also accompanied by sub-utilization of this resource [5] due to the variation of saponin contents in Quillay. This variation has generally been attributed to genetic factors, edaphic conditions, altitude, seasonal effects, age of vegetation, and kind of vegetal tissue [6a] . However, considering the diversity of environments in which Quillay grows, it is possible that the contents of saponins and the physiological status of the trees could be influenced by the surrounding environment. The growing demand for Quillaja saponins requires rationalization of the harvesting of existing natural resources to avoid their improper exploitation and subutilization.
There has been some research on the effects of abiotic environmental factors on saponin contents, but the majority of published studies have been focused on non woody plants with short life cycles, such as Panax quinquefolius, P. ginseng, Asparagus racemosus, Glycyrrhiza uralensis, Phytolacca dodecandra, Bupleurum chinense, Clematis chilensis, C. hexapetala, and Tribulus terrestris, among others [6b]. With respect to Quillay, over the last 10 years, significant efforts have been made in qualitative and quantitative analysis of the saponins, with the aim of increasing knowledge for commercial applications [1a,3a,b] . However, much less data are available concerning variation of saponin contents in woody species under natural conditions due to the complexity involved, where two or more stressors co-occur and their effects are sometimes additive. Nevertheless, research is necessary on the influence of external conditions on saponin accumulation in plants that should lead to a better understanding of saponin production in natural conditions. Our study examined the variation of total saponin contents and physiological status in Quillaja saponaria growing under different environmental conditions in the O'Higgins Region of Chile (Coastal, Central and Mountain zones). Although these zones are located at the center of the species' native range, studies from these specific regions have not previously been reported. In order to achieve these objectives, the zones were characterized at the edaphic level for available water capacity (AWC), nitrogen (N), organic matter (OM), phosphorus (P) and potassium (K). The trees were analyzed for total saponin contents, and physiological status: photosynthetic pigments, antioxidant activity, nitrogen, phosporus and potassium.
Edaphic characterization: The edaphic samples from the different zones were significantly different for OM, AWC and P. The Mountain zone showed the highest contents of K, AWC and OM. The content of OM for this zone was 13.9%, 2.9 and 1.7 times higher than the Coastal and Central zones, respectively. The AWC was 22.3% and 16.7% for Mountain and Central zones, respectively, both significantly different when compared with the Coastal zone. K content was significantly higher in the Mountain zone with 655.2 cmol/kg, 2.1 and 3.6 times greater than the Central and Coastal zones, respectively (Table 1) . However, in spite of these results, this zone is characterized by presenting harsher environmental conditions than the Coastal and Central zones. The spatio-edaphic pattern of the present study identified three differentiable zones, as shown by PCA. The first and second principal components accounted for 39.9% and 29.6% of the total variation, respectively. Both components explain 70% of the variance. N explained the Coastal zone, N and P the Central zone, and OM, AW and K the Mountain zone. These specific and inherent characteristics of the zone within the Region may explain differences in the physiological status of plants, which is influenced by environmental conditions (Figure 2) In each column, different letters are significantly different for 95% confidence intervals (P<0.05). Fisher's LSD test. Physiological status: The nutritional status of Quillay originating from Coastal, Central and Mountain zones was significantly different for N and P. Samples from the Mountain zone showed the lowest N content (0.69%) and the Central zone the highest (1.04%). P was higher in the Coastal zone, with 0.12%, than the Central zone (0.09%). For K content, there was no significant difference among zones ( Figure 3A ). These results have been consistent across the availability of nutritional resources in each zone. Considering that the O'Higgins Region presents a scarce water pluviometric regime during the months of vegetative development, this contributes to explaining the development and growth of sclerophyll species by means of adaptive and efficient strategies for the use of water and nutritional resources in these difficult Mediterranean climates [7] . Thus the plants can mitigate the physiological process with a tradeoff between growth, maintenance, storage, reproduction and defense.
The chlorophyll a and b contents were not significantly different. Carotenoids increased significantly from the Coastal to the Mountain zones, reaching a mean value of 0.34 mg/g, 2.4 and 1.6 times higher than the Coastal and Central zones, respectively ( Figure 3B ). The highest carotenoid content found in the Mountain zone had been associated with defensive responses in plants under stress conditions, such as water stress and/or radiation; carotenoids have antioxidant properties and a photo-protective function of the photosynthetic system against harmful photooxidative processes [8] . The antioxidant activity was significantly higher in samples from the Mountain zone compared with those from the Coastal and Central zones ( Figure 3C ). This implies a defensive mechanism observed in alpine plants subjected to environmental stressors, such as solar radiation and low temperatures, which may activate the formation of chemical reactive oxygen species (e.g., hydrogen peroxide, superoxide and hydroxyl) conducive to oxidative stress [9a] . Under these conditions it has been seen that plants generate antioxidant compounds, intended to entrap radicals harmful to their cells, resulting in a broad adaptation spectrum for the plants [9b]. The high antioxidant activity of Quillay, over 85%, makes this species interesting to study for the production of antioxidants.
Saponin contents: Saponin contents of Quillay were different between zones, increasing significantly from the Coastal to the Mountain zone. The highest saponin contents were found in samples from the Mountain zone, where the content was 22.1 mg/g; 1.7 and 1.3 times higher than those of the Coastal and Central zones, respectively ( Figure 3D) Associating saponin contents and physiological status, our study revealed, for the first time, that the highest saponin contents were accompanied by the lowest nitrogen content, and the highest antioxidant activity and carotenoids contents as a synergistic response. This finding showed that higher accumulation of saponins in Quillay would be stimulated by adverse environmental conditions. Therefore, an evaluation of quality and saponin composition are necessary in future research. The presented results suggest a physiological and adaptive mechanism of saponins in plants to survive under unfavourable environmental conditions.
This study was a first approach and contribution to the knowledge about the variation of saponin contents and physiological status in Q. saponaria under different environmental conditions. Further research on the effects of stress will improve our understanding of saponin production and the physiological functions of saponins in plants. Previously, they have generally been studied for their biological and chemical applications.
Experimental

Zones of study: Sampling took place at 3 zones in the O'Higgins
Region: Pumanque (Coastal zone, 34º 56´S and 71º5478´ W; altitude 180 m), Roblería del Cobre de Loncha National Reserve (Central zone, 34º 12´ S and 71º 10´ W; altitude 430 m) and Río de los Cipreses National Reserve (Mountain zone, 34º 31´ S and 70º 45´ W; altitude 1250 m). Pumanque has a Mediterranean climate, with a drought period of 6-7 months and a semiarid period of 1-2 months. Annual average temperature is 14.5ºC, seasonal average temperature is 28ºC in summer and 3.7ºC in winter. The precipitation regimen varies between 500 to 700 mm annually. Roblería del Cobre de Loncha National Reserve presents a warm mild climate, with a prolonged dry season. Maximum annual temperatures oscillate between 25ºC to 28ºC and the minimum is between 10ºC to 8ºC. Río de los Cipreses National Reserve has a mild Mountain climate, with 4 months of dry warm weather in summer, and winter with rain and snow precipitation between 800 to 1500 mm annually. The temperature varies between a maximum of 19ºC to 21ºC and a minimum of 7ºC to 5ºC, with temperatures under 0ºC due to thermal oscillations in winter [10] .
Sampling and nutritional analysis of soil:
In every zone, 8 randomly distributed soil samples were taken from the surface, at a depth of 20 cm, near trees. One third of the soil sample was used for nutritional analysis, the second third for field capacity, permanent wilting point and available water capacity, and the last third for organic matter content; every soil sample was replicated 3 times. For nutritional analysis, 33 g of dry and sifted soil was analyzed for nitrate (N-NO 3 ), phosphorous (P) and potassium (K). N-NO 3 was determined through the Kjeldahl and direct Nesslerization Semichrome method. N-NO 3 detection was carried out by spectrophotometric absorbance measurement at a wavelength of 490 nm [11] . P was obtained by Olsen's method, extracting P in 0.5 mol/L NaHCO 3 at pH 8.5. Then, the extract was analyzed by colorimetry using the ethylene blue method with ascorbic acid as redactor, and detected by spectrophotometric absorption at 880 nm. K was extracted in 1 mol/L NH 4 C 2 H 3 O 2 solution at pH 7.0 and detected by Atomic Spectrophotometry Emission (ASE) with either an acetylene-air or propane-air flame, measured at 766.5 nm [12] .
Field capacity, permanent wilting point and available water capacity:
Field capacity (FC), permanent wilting point (PWP) and percentage of soil available water capacity (AWC) were obtained as follows: The FC was determined by the pressure cooker method [13] . In brief, cylinders filled with soil were hydrated with distilled water for 24 h. Then, they were placed in a pressure cooker under 0.33 and 15 bar for 24 h, in order to obtain wet weight. All samples were later oven dried at 105ºC for 24 h to determine dry weight. The relative percentage of AWC at FC and PWP was obtained by difference between wet and dry weight at 0.33 bar and 15 bar, respectively. AWC was obtained by gravimetric weight difference between FC and PWP.
Organic matter content of soil: Organic Matter Content (OM) was determined by Weight Loss on Ignition method (WLOI) [14] . Briefly, an aliquot of 10 g soil was oven dried at 105º C for 24 h to determine dry weight. Then, the samples were calcined in a muffle furnace at 450ºC for 24 h, to obtain calcinated weight. Organic matter percentage was obtained by the relational differences of the dry and calcinated soil weight and dry soil weight.
Plant material:
In September 2011, 15 trees was sampled in each study zone, with diameters between 70 to 100 cm. For each tree, 10 cm 2 of bark was extracted at breast height to determine the total saponin contents, and 300 g of foliar biomass was extracted from the middle crown for nutritional analysis, antioxidant activity and pigment quantification.
Foliar nutritional analysis:
Nutritional analysis was performed for nitrogen (N), phosphorous (P) and potassium (K). N was obtained through a digestion method; 3 g dried sample was put in H 2 SO 4, 98% of density 1.84 Kg/L. The NH 4 concentration was obtained by distillation of NH 3 and manual titration [15] . For P, 3 g of dried sample was passed through a 1 mm sieve. Then it was put in a crucible and placed in a muffle furnace at 500ºC for 4-8 h. Once cooled, 10 mL of HCl at 2 mol/L was added and boiled on a hot plate. The content in the crucible was filtered and P detection was determined through colorimetry using the phosphovanadomolybdate method, measured at 466 nm. K was determined by absorption spectrophotometry and atomic emission with an air acetylene flame measured at 766.5 nm [15] .
Pigment quantification:
Two g of leaves were extracted in acetone/ water (8/2,v/v), and chlorophyll a, chlorophyll b, and carotenoids contents were determined by absorption spectrophotometry at 663 nm, 646 nm and 470 nm, respectively [16] .
